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Abstract Western disturbances (WDs) are midtropospheric to upper-tropospheric mesoscale vortices,
which typically propagate along the subtropical westerly jet stream and bring heavy rainfall to Pakistan and
northern India during boreal winter. They are dynamically similar to Tibetan Plateau vortices (TPVs), which
aﬀect southwest China during spring and summer and emanate from the Tibetan Plateau. Here we propose
that their similarity implies the existence of a more general group of upper-tropospheric vortices featuring
interactions with the orography of the Hindu Kush-Himalaya-Tibetan Plateau region. Using existing track
databases for WDs and TPVs derived from ERA-Interim reanalysis, we show that their respective occurrence
frequencies are highly anticorrelated with each other through the seasonal cycle, yet both are strongly
correlated with jet latitude. Our ﬁndings imply that the incidence of hazards due to WDs and TPVs is
correlated on intra-annual and interannual time scales, particularly through upper-level baroclinicity.
Plain Language Summary North India and south China (including Tibet) experience seasonal
midlevel cyclonic systems, referred to as western disturbances (WDs) and Tibetan Plateau vortices (TPVs),
respectively. These systems can be responsible for heavy, even catastrophic, rainfall in the areas associated
with them, and thus improving prediction and risk correlation is vital. In this study, we show that: ﬁrst,
previous literature alludes to the two types of system bearing similar structures; second, the mean annual
cycles of both are strongly aﬀected by the subtropical westerly jet; third, the interannual populations of each
are related; and fourth, this relationship can be explained by considering features of the jet, such as strength
and position. We thus conclude that it is likely that WDs and TPVs are speciﬁc examples of a more general
class of synoptic-scale vortex.
1. Introduction
The climates of Pakistan, northern India, and southwest China encompassing the Tibetan Plateau are strongly
inﬂuenced by seasonal midtropospheric synoptic-mesoscale vortices. Over Pakistan/northern India, where
thesemesoscale vortices interact with the Hindu Kush and Karakorammountain ranges, they are called west-
ern disturbances (WDs; Pisharoty & Desai, 1956); over southwest China, where they interact with the Tibetan
Plateau, they are called Tibetan Plateau vortices (TPVs; Tao & Ding, 1981). Formally, a TPV is deﬁned as “a shal-
low meso-𝛼-scale cyclonic vortex that is usually conﬁned to near-surface levels (500 hPa) over the Tibetan
Plateau during warm seasons” (Feng et al., 2014); and a WD as a: “cyclonic circulation in the midtropospheric
and lower-tropospheric levels or as a lowpressure area on the surface, which occurs inmiddle latitudewester-
lies and originates over the Mediterranean Sea, Caspian Sea and Black Sea and moves eastward across north
India” (http://imd.gov.in/section/nhac/wxfaq.pdf).
There is an additional class of mesoscale vortex that brings rain to this region, the southwest vortex (SWV),
which typically spins up to the east of the Tibetan Plateau (Li et al., 2017). However, they are physically distinct
from both TPVs andWDswhose vorticity maxima are at 450 (Feng et al., 2017; Zheng et al., 2013) and 350 hPa
(Hunt et al., 2017), respectively, in having a vorticity maximum at 750 hPa (Feng et al., 2016); furthermore, the
vertical extents are diﬀerent, for example, an averageWDhas a signiﬁcant positive vorticity anomaly between
600 and 200 hPa, whereas SWVs typically extend from the surface to 500 hPa. While they can interact con-
structively with TPVs to produce heavy rain (Chen et al., 1996; Li et al., 2017), they are generally considered to
be structurally unrelated (Feng et al., 2014; 2016) and are not considered here.
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Figure 1. Mean 200 hPa isotachs for 80th percentile zonal wind in selected months: winter (February, green, 25.0 m/s),
pre-monsoon (May, blue, 24.5 m/s), monsoon (July, yellow, 22.9 m/s), and post-monsoon (September, red, 24.6 m/s).
Dashed lines indicate the mean axis of the jet for that month. Orography contours are also given.
WDs and TPVs are important since they can be responsible for storms and heavy rainfall both through
convergence-driven and orographic ascent, in areas where seasonal rainfall is otherwise not particularly high
(Hunt et al., 2018; Li et al., 2017). If there was a relationship between these two types of system, it would have
important consequences in understanding correlated risks of extreme weather in the region.
The structure of WDs has been explored in detail in both case studies (e.g., Dimri, 2004; Ramanathan & Saha,
1972) and composite studies (Hunt et al., 2017); and while the quantity of analogous research on TPVs is
markedly less in the English literature, there have been several case studies (Dell’Osso & Chen, 1986; Wang,
1987) aswell as a composite study (Feng et al., 2017). These studies indicate that despite substantial interpop-
ulation variance, there are strong similarities between TPVs andWDs, for example, a warm-over-cold thermal
structure, a quadrupolar signature in divergence, and a tropospheric vorticity column indicative of baroclinic
growth. There are somediﬀerences too though, in how they organize local humidity, which diﬀers in the large
scale between the plateau and the Indian subcontinent, and vorticity, which is inﬂuenced by sensible heating
from the plateau in the case of TPVs. Furthermore, both have similar annual frequencies and climatologically
move eastward at similar speeds (Feng et al., 2014; Hunt et al., 2017). These studies, among others (e.g., Li
et al., 2011), further highlight the importance of the jet, in the northern half of which such vortices are often
embedded.
It is also important to note that proposed genesis mechanisms for WDs and TPVs diﬀer. WDs are thought to
originate as extratropical cyclones or perturbations in the jet that are subsequently intensiﬁedbydownstream
barotropic or baroclinic instability (Hunt et al., 2017; Mull & Desai, 1947). In contrast, the origin of TPVs is
thought to be diabatic heating of the Tibetan Plateau (Li, Zhang, & Wen, 2014; Li, Zhang, Wen, & Liu, 2014)
with a smaller dynamic contribution (Zheng et al., 2013). That is not to say that the jet might not be somehow
coupled with the surface heating (Kuang & Zhang, 2005).
Figure 1 shows the climatology of the jet for selected months from 1979 to 2017 using ERA-Interim data.
For each month, the solid lines show the locations of isotachs representing the 80th percentile zonal wind
speed at 200 hPa (for a given month), which is typically around 25 m/s. For these regions of high wind speed,
dashed lines indicate the meridional maximum—the so-called jet axis. During boreal winter (green), the jet
is strongest and furthest south, with the axis typically lying over northern India. As the Indian summer mon-
soon starts to develop (May; in blue), warming of the Tibetan Plateau establishes tropospheric temperature
gradients both to the north and south. While the tropical easterly jet is established on its southern side (not
shown), over India, the subtropical westerly jet is pushed to the north andweakened, a situation that reaches
its apex during July (yellow), where the jet completely avoids India, before beginning to return to the winter
pattern as the monsoon retreats (red).
It is therefore evident that both the strength and latitude of the jet have a strong dependence on season.
Given the dependence of TPV andWDpopulations on jet position, we pose two hypotheses: ﬁrst, we expect a
phased relationship between their mean seasonal cycles of occurrence; second, we expect some interannual
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correlation in their occurrence, especially in months where variability in jet latitude is high (Schiemann et al.,
2009) and where both populations are signiﬁcant. While there have been a few studies on the dynamics of
both WDs and TPVs (e.g., Li et al., 2002; Li & Liu, 2006; Raju et al., 2011), no attempt has beenmade to explore
the relationship between them.
2. Data and Methods
2.1. Track Databases
2.1.1. Western Disturbances
We use theWD database produced by Hunt et al. (2017). They used T5-T63 spectrally band-passedmidtropo-
spheric (450–300 hPa) relative vorticity to identify 3,090 WD tracks in ERA-Interim from 1979 to 2016. They
include a domain-ﬁltering constraint, such that the vortex must pass through a box bounded by 20–36.5∘N
and 60–80∘E; here we subset these further by requiring that the tracks have genesis north of 25∘N (this ﬁlters
out remnants of midtropospheric cyclones, which are not WDs and do not interact with the jet) and that they
pass east of 70∘E (this is the western edge of the Tibetan Plateau). These criteria remove approximately one
third of the tracks and improve consistency with the TPV database.
2.1.2. Tibetan Plateau Vortices
For TPVs, we use the database produced by Curio et al. (2018) using the objective feature-tracking algorithm
TRACK (Hodges, 1994; 1995; 1999). They identiﬁed and tracked TPVs asmaxima in the spectrally band-passed
(T40-T100) 500 hPa relative vorticity ﬁeld from ERA-Interim (1979–2015). Vortices originating within the area
of the Tibetan Plateauwere retained, deﬁned by the smoothed 3,000m altitude contour, andwhich persisted
for at least 1 day. For this study, we only select TPVs that pass through a box with the boundaries 32–36∘N
and 80–87∘E, which covers the region with the climatologically highest track densities. Even though the two
ﬁlters described use diﬀerent spectral band passing to capture events of similar wavelength, both theWDand
TPV methods have been shown to produce accurate data sets for their respective targets.
2.2. Deﬁnition of Jet-Related Quantities
To evaluate aspects of jet position and strength or large-scale controls on the jet, we deﬁne various quantities
below. All are computed using instantaneous 6-hourly ERA-Interim reanalysis data (Dee et al., 2011), from
which monthly statistics can be derived.
2.2.1. pjet
To assess the mean location and probability of existence of the jet, pjet is deﬁned after Schiemann
et al. (2009) as
pjet =
{
1 u> 0and|u|> 30ms−1
0 otherwise
. (1)
2.2.2. Baroclinicity
The metric of baroclinicity used here is the angle between local density and pressure isosurfaces, which for
the small angles and ﬁelds with small horizontal gradients involved are approximated by the baroclinic term
in the vorticity tendency equation. Thus,
Bc = 𝜃p𝜌 ≃ k‖∇𝜌 × ∇p‖ , (2)
where 𝜃p𝜌 is the local angle between the surfaces and k is some constant.
2.2.3. Barotropicity
Following Kuo (1949), we use the following metric of barotropicity:
Bt =
{
𝜕2u
𝜕y2
𝛽 − 𝜕
2u
𝜕y2
< 0
0 otherwise
, (3)
where u is the zonal component ofwind, y is themeridional distance from the equator, and 𝛽 is themeridional
gradient of the Coriolis parameter.
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Figure 2. Monthly mean frequencies of WDs (red whiskers) and TPVs (yellow
whiskers) with the interannual correlation between the two populations
(blue line). Error bars mark one standard deviation. Where the correlation
coeﬃcient is not signiﬁcant at the 10% signiﬁcance level, the background
has been colored gray. Monthly frequencies have been smoothed by
averaging with the mean of the two neighboring months. WDs = western
disturbances; TPVs = Tibetan Plateau vortices.
3. Results
Figure 2 shows the monthly mean frequencies for TPVs (yellow) and WDs
(red), with their respective ±1𝜎 error bars. The mean annual cycles are
strongly anticorrelated (coeﬃcient of −0.83), while the peaks/troughs of
occurrence coincide with the timing of the latitudinal extremes of the jet
through the annual cycle. TPV occurrence peaks inMay/June as the north-
ern (cyclonic) half of the jet passes over thenorthern TibetanPlateau,while
WDs occur most often in January when the northern half of the jet typi-
cally resides over the Hindu Kush-Himalaya region. There is a varying, but
signiﬁcant, relationship between WD and TPV occurrence on interannual
time scales (blue curve in Figure 2): the correlation coeﬃcients vary from
−0.30 in September to 0.57 in February; during the Indian summer mon-
soon, when the frequencies of WDs are almost negligible, the correlation
is not signiﬁcant. We might surmise, therefore, that the anticorrelation in
seasonal cycle indicates inﬂuence by the jet latitude, whereas the gener-
ally positive correlations in interannual frequencies indicate inﬂuence by
internal variability (e.g., speed) of the jet, or some other factor.
To investigate further, we correlate the interannual frequencies with var-
ious jet properties for selected months. In Figure 3, the relationship with
jet location is explored using pjet (equation (1). The mean monthly pjet is
regressed against three values: the total count of TPVs and WDs (colored
contours, where signiﬁcant at the 5% signiﬁcance level), TPV counts only
(hashing, where signiﬁcant at the 5% signiﬁcance level, and where sign matches previous regression), and
WD counts only (stippling, criteria as previous). Figure 3c is constructed slightly diﬀerently owing to the anti-
correlation between TPVs andWDs in September: the total count is computed as the diﬀerence between the
two populations rather than their sum.
In February (Figure 3a), if the jet is too far south, or north of the Tibetan Plateau, then there is reduced vor-
tex production, largely due to failed incidence of jet on the Hindu Kush-Himalaya region and consequent
reduction in WD number. In May (Figure 3b), the key south-to-north transition season of the jet as the Asian
monsoon develops, a dipole structure emerges: it is more favorable to have the jet aligned with the southern
edge of the Tibetan Plateau where it can aﬀect both TPVs andWDs, rather than the northern edge where it is
not typically associated with vortex generation.
This suggests that delayed northward passage of the jet through the annual cycle would yield greater num-
bers of WDs and TPVs than in other years. In September (Figure 3c), late southward movement of the jet is
related to both an increase in TPVs and a decrease inWDs. This indicates amore subtle relationship, given the
positioning of the area of positive correlation to the north of the plateau. Here the inﬂuence on vortex pro-
duction cannot be direct, but may be indirect through modulation of surface heating (e.g., Kuang & Zhang,
2005) or through the support of upper-level divergence on the southern ﬂank of the jet (e.g., Li, Zhang, Wen,
& Liu, 2014).
Having analyzed the interannual relationships between WDs and TPVs and the jet position, we now explore
how they are connected to internal variability of the jet. Figure 4 shows the correlation of combined WD and
TPV frequencies with 200 hPa Bc (see equation (2), with signiﬁcance as in Figure 3.
In February (Figure 4a), higher baroclinicity over the Arabian Sea and peninsular India, which is associated
with a low-latitude jet, is detrimental to vortex production, aﬀecting both WD and TPV generation. In con-
trast, there is an extended area around 30∘N where the correlation is highly positive (for the total as well as
the individual populations); the absence of this signal in Figure 3a indicates that internal jet variability is more
likely than jet latitude tomodulate vortex production during boreal winter. InMay (Figure 4b), the anticorrela-
tion signal largely disappears since the climatological jet position hasmoved north of these latitudes (∼25∘N)
by this time of year, but the area where positive baroclinicity is important remains, albeit reduced in size. In
September (Figure 4c), higher TPV production and lower WD production are both associated with reduced
baroclinicity to the southwest of theplateau. The latter relationship is simple, less baroclinic vorticity tendency
upstreammeans less spin-up for instabilities in the jet. The former is less direct, a more stable jet will produce
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Figure 3. Spatial correlation coeﬃcients between monthly mean subtropical westerly jet position (200 hPa) and monthly
mean frequency of synoptic events, here deﬁned as the sum of WD and TPV frequencies; for (a) February, (b) May, and
(c) September (for which the total population is deﬁned as TPVs minus WDs). If the sign of this matches with that of the
coeﬃcients for the individual WD and TPV populations, the area is stippled or hashed, respectively. Contours (and other
markings) are only shown where the correlation coeﬃcient is signiﬁcantly diﬀerent from zero at the 5% signiﬁcance
level. The 3,500 m orography isohypse is given in gray. WD = western disturbance; TPV = Tibetan Plateau vortex.
less large-scale cloudiness downstream (e.g., Riehl, 1948), permitting stronger sensible heating of the plateau
and hence a potential increase in TPV frequency.
Some further predictors were examined: zonal wind speed, u, and barotropicity, Bt (see equation (3). Repeat-
ing the earlier regression analyses but not shown here, correlations with u resembled those with pjet; while
they are smoother and generally cover a greater area of signiﬁcance, the coeﬃcients were typically smaller.
Correlations with Bt bear similarity to those with Bc, though with smaller areas of signiﬁcance, pointing to the
importance of both barotropic and baroclinic instabilities in the growth of WDs and TPVs.
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Figure 4. As Figure 3 but for synoptic populations regressed against upper-tropospheric (200 hPa) baroclinicity, rather
than jet position.
Also considered was a modiﬁed u (u′), where the contribution from a linear regression of WD and TPV counts
onto pjet was ﬁrst subtracted, to mitigate against the contribution from jet position. However, correlations
with u′ are weak.
4. Discussion and Conclusions
Bearing in mind the seasonal cycles of WDs and TPVs shown in Figure 2, the previously demonstrated rela-
tionship between WDs and the jet, and that the WDs and TPVs are dynamically similar, it is highly likely that
jet position strongly inﬂuences the year-round variability of vortex production in this region.
It is also clear that during the boreal winter and spring, jet latitudinal position has an important relationship
with TPV and WD interannual frequencies (Figures 3a and 3b), but these occurrence frequencies are more
strongly correlated with metrics of available potential energy in the jet (e.g., baroclinicity, Figures 4a and 4b).
These correlations with internal variability appear to break down during the Indian monsoon.
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Figure 4a indicates a strong correlation between upper-level baroclinicity and vortex frequency in February.
The most notable feature is the tongue of positive correlation reaching through north India into the Tibetan
Plateau. This signal is distinct from that seen in pjet, similar to but stronger than that seen in barotropicity at
the same altitude, and also present to some extent in May (Figure 4b). So recalling that WDs are largely baro-
clinic in nature (Hunt et al., 2017) and noting the highly covariant relationship between WDs and TPVs, we
deduce that TPVs are also primarily baroclinic vortices. Further, it is clear that upper-level baroclinicity plays
an important role, alongside jet latitudinal position, in modulating the interannual variability of WD and TPV
occurrence frequencies, as well as their sum. Amarked weakening of this signal in September (Figure 4c), fol-
lowing general loss of signiﬁcance of the TPV-WD relationship during the Indian summermonsoon, indicates
that it is unlikely that variability of the jet is a signiﬁcant predictor of interannual WD and TPV frequency at
this time of year.
The work presented here indicates the need for a future study to compare the structures of WDs and TPVs.
If they can be shown to be inseparable but for the eﬀects of the Tibetan Plateau and diﬀerent sources of
moisture, then, in the context of the results presented here, it could be concluded that they are the same type
of system. Furthermore, it is not necessarily clear why the sign of the interannual correlation between WDs
and TPVs changes sign in September.
Regardless of their dynamical similarity, we have shown that for both TPVs and WDs, their frequencies are
strongly inﬂuenced ﬁrst by the location and second by the internal variability of the subtropical westerly jet.
Given that there is some skill in seasonal forecasts of this jet (Li & Lin, 2015; Sonawane et al., 2015), further
work could determine whether that skill can be projected onto WD and TPV frequency.
Finally, as has been shown previously (Chen et al., 1996), TPVs can interact constructively with
lower-tropospheric southwest vortices to generate extremeprecipitation in southChina. However, it has been
shown that WDs frequently propagate into south China and beyond (Hunt et al., 2017), yet no work has yet
been done to quantify the interaction (should there be one) between WDs and SWVs. If TPVs and WDs are
indeed dynamically and thermodynamically similar (as has been suggested by previous work; e.g., Feng et al.,
2017; Hunt et al., 2017; Wang, 1987), and carry a correlated risk (as has been suggested here), then such
interactions could potentially lead to very strong impacts, and therefore require further study.
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